Abstract-Air-borne micrometer and submicrometer particles produced by anthropogenic sources contaminate atmospheric air, especially in large cities where both population and industrial activities are higher leading to a reduced air quality. Recent research has pointed out particles less than 2.5 µm in diameter (PM2.5) as a potential health hazard. To address this issue, stricter legislation has been put into force to reduce PM2.5 emissions. This paper is focused on the development of an impulsive microelectrostatic precipitation technology for charging and removal of fine air-borne particles in an economically feasible way. In this paper, a compact coaxial precipitator has been developed for possible indoor air cleaning applications. Highvoltage impulses together with dc voltage have been used for energization of the reactor as it has been shown to enhance the precipitation efficiency. This precipitation system has been used for removal of fumes and fine air-borne particles from ambient air. In addition to the experimental part, analytical work has been conducted to optimize the electrostatic precipitation process and to reduce its power consumption.
I. INTRODUCTION

I
MPULSIVE corona discharges in atmospheric air are used in practical environmental applications including surface cleaning and biological decontamination [1] , [2] , decomposition of chemical pollutants (e.g., NO x and others) [3] , [4] , and precipitation of fine and ultrafine air-borne particulate matter [5] - [7] . Such discharges are generated through energization of electrodes within a treatment reactor with high-voltage (HV) impulses, resulting in the development of transient nonthermal plasmas. The reactive species produced by the plasma induce electric charge on air-borne solid particles; in addition, they can effectively inactivate microorganisms and decompose harmful chemical species. The physical and chemical characteristics of transient corona plasma discharges in air have been extensively studied (see [8] , [9] ), and the results of these studies form a basis for the development and optimization of technological applications of such plasmas. This paper is focused on an investigation of the use of impulsive corona discharges in atmospheric air for charging and removal of fine particulate matter from an air flow. This paper continues the study of the impulsive microelectrostatic precipitation (μ-ESP) process initiated by the authors; previously obtained results on impulsive precipitation of powder particles and charging mechanisms in the transient corona discharges are published in [6] and [10] . PM2.5 particles have been identified as a potential health hazard and new legislative acts, which require reduction in emission of PM2.5 particles have come into force [11] , [12] . Therefore, new methods are required to control the concentration of air-borne fine and ultrafine particles. In this paper, the performance of a two-stage precipitation reactor is reported. This was developed to improve the efficiency of the μ-ESP process, while keeping energy consumption at a low level. The first stage of the reactor, the charging stage, employs microsecond impulses. The second stage uses a dc voltage for the precipitation of the charged particles. The short HV impulses in the first stage of the reactor generate an enhanced electric field without complete spark breakdown, thus the saturation charge that the air-borne particles accumulate in the reactor can be increased and precipitation efficiency will be enhanced [13] . In addition, it is expected that these short HV impulses will reduce energy consumption as compared with continuous energization [14] . The dc voltage applied to the second stage of the precipitator was kept below corona ignition level to reduce overall power consumption. It has been shown that a two-stage precipitation reactor requires a lower energization voltage compared with a single-stage reactor [13] . This, in combination with positive-polarity energization, helps to reduce the concentrations of ozone and nitrogen oxides produced during operation of the precipitator [13] , [15] , [16] . Ozone concentration was measured during operation of the reactor and the results are reported in Section III-B.
An important parameter that determines the level of precipitation efficiency is the terminal migration velocity that the airborne particles achieve. This terminal velocity depends on the charging rate of particles, which in turn depends on the permittivity and conductivity of the particle and the external medium, as well as the particle dimensions and particle loading of the air flow. In this paper, a numerical analysis has been attempted for evaluation of the particle migration velocity inside the reactor. In the experimental part of this paper, the precipitation efficiency of air-borne particles has been investigated using 0093-3813 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. different energization regimes and different combinations of particle-laden gases (test fluids), including ambient laboratory air and air with various concentrations of beeswax candle fumes. Experimental particle velocities have been obtained using the Matts-Öhnfeldt empirical equation [17] and compared with analytical values.
II. EXPERIMENTAL ARRANGEMENT
A. Experimental System
The precipitation reactor used in this paper is similar to the two-stage system developed in [6] ; however, it is larger in scale. Both stages have a cylindrical, coaxial topology. The first stage, intended for particle charging, has a thin (0.213-mm diameter) wire, which is stressed with HV impulses of microsecond duration. The outer electrode is an earthed stainless steel tube with an inner diameter of 95 mm and a length of 87 cm. The second stage is intended for particle deflection and their removal from the air flow, this has a coaxially located smooth rod of 5 mm diameter, which is stressed with dc HV. The outer electrode is an earthed stainless steel tube of 88-mm internal diameter and 74-cm length.
The HV impulses applied to the wire electrode of the first stage of the reactor are produced by an impulse generator, based on a step-up autotransformer. In the second stage of the reactor, the central HV electrode is energized with dc voltage by a 20-kV Glassman EW series HV dc power supply. A Tektronix P6015A HV probe (75-MHz bandwidth) was used to measure the impulsive voltage across the reactor, while a 1-k current viewing resistor was used to measure the current. A schematic diagram of the precipitation system used in this paper is shown in Fig. 1 , and a detailed description of the generator and electrical diagnostic system can be found in [6] .
The voltage and current waveforms across the reactor are shown in Fig. 2 . The amplitude of the HV impulses was +30 kV, the full-width at half-maximum impulse duration was 500 μs, and no voltage reversal was observed. When the first stage of the reactor is stressed with an HV impulse of such magnitude, a current impulse in this stage of the reactor is observed, which was measured at ∼10 mA (peak value). This current impulse represents a transient corona discharge, which is responsible for particle charging. The displacement current due to the capacitance of the reactor is much smaller than this current impulse, and as a result, the charge associated with the displacement current (∼220 nC) is much lower than the ∼1 μC/pulse released by the corona plasma discharge.
The air pump is used to provide an air flow inside the reactor with the flow rate of 16 /min for atmospheric air tests or 3 /min for beeswax candles tests.
B. Particle Selection and Detection
Precipitation tests commenced with the particles that were already present in ambient laboratory air. Then, precipitation tests were conducted using beeswax candle fumes, which consist mainly of particles in the PM2.5 range. In all tests, a portable laser aerosol spectrometer 1.109 (Grimm Aerosol GmbH) was used to measure the number of particles, allowing the precipitation efficiency to be calculated. This spectrometer is able to measure the number of particles per liter in 31 size ranges (from 250 nm to >32 μm) in real time. Depending on the concentration of particles in the air flow, the particle analyzer was connected either directly to the output of the second stage of the precipitation reactor (path 1, Fig. 1 ), or via a stainless steel earthed woven mesh filter made out of 28-μm diameter stainless steel threads. This filter, used to improve the efficiency of the precipitator, has an aperture 99 μm, significantly larger than the size of particles (path 2, Fig. 1 ).
III. EXPERIMENTAL RESULTS
A. Ambient Air
A sealed container of ∼14-volume is supplied by an air pump, which produces an air flow with a flow rate of 16 /min. This container was connected through four 6-mm diameter plastic tubes to the first stage of the precipitation reactor. The particle analyzer was sampling air directly from the exhaust of the second stage (path 1, Fig. 1 ).
In all precipitation tests (conducted at ambient temperature, pressure, and humidity), the following procedure was used. First, the particle analyzer was turned on for 30 s without any air flow. Then, the air pump was turned on for 4 min and 30 s to produce constant concentration of background particles delivered into the μ-ESP reactor. As soon as the concentration of background particles stabilized, the precipitation reactor was energized for 5 min. After the tests, the air pump was left on for ∼15 min to reintroduce the nominal levels of air-borne particles for the next experiment. The precipitation efficiency, η p , for each range of particle sizes was calculated as [N max − N(t)]/N max , where N(t) is a number of particles at time intervals of 10 s and N max is the maximum number of particles prior the energization of the reactor. Then, the arithmetic average of these values was calculated representing the efficiency for each test. The average and the standard deviation for the tests with the same energization were calculated. The results [pass rate, (1−η p ) · 100%, as a function of particle size] are shown in Fig. 3 .
It can be seen that precipitation takes place even without impulsive energization of the first, charging stage of the precipitator, when only the second dc stage is being energized with voltages below the corona ignition voltage. This is due to the particles acquiring charge by friction in the fluid delivery system. Energization of the first impulsive stage only increases the precipitation efficiency, and if both stages are energized, the precipitation efficiency is ∼ 100%.
B. Beeswax Candle Fumes
Heavy particle loading can have a detrimental effect on the smooth operation of an electrostatic precipitator. Precipitation efficiency with significantly higher particle loading was investigated using fumes produced by beeswax candles. It has been found that precipitation efficiencies are lower in almost all cases as compared with the ambient air test (when the same energization regimes are used), reaching ∼ 99% for the combined energization.
A different approach to efficiency calculation has been taken in the case of tests with beeswax fumes. Instead of having to wait for specific time intervals as in the atmospheric air tests, data gathering started from the beginning of the test and lasted until the candles burnt out or they were extinguished. The average number of particles was calculated 50 s after the maximum number of particles of the 250-280-nm range, N max , was detected. Fig. 4 shows the precipitation results (pass rates) of the tests with fumes produced by a single candle for different energization regimes. This figure shows that the most efficient precipitation has been obtained in the case when both stages of the reactor, impulsive and dc, are energized. Similar results were obtained by the authors with the smaller scale reactor and cigarette smoke as a test fluid [6] . Figs. 5 and 6 show precipitation results (pass rates) for heavier particle loading. To these ends, two and three candles were burned inside the container and its fumes were fed into the precipitation reactor.
It can be seen that the efficiency is lower compared with the single candle test and in the case of the smallest detectable size range (250-280 nm), the decrease in efficiency is more than ∼30%. However, if the fine mesh filter is inserted between the precipitator output and the particle detector, the precipitation efficiency improves substantially. In the case of combined energization, the precipitation efficiency is only ∼1%-1.5% lower compared with the test with a single candle, depending on the size range.
If three candles were used, the fine mesh wire filter was always used to avoid overloading of the particle analyzer. In addition to that, it was decided to double the pulse repetition rate in the first stage to enhance the particulate charging process. It has been shown that the efficiency is still higher when both stages are energized compared with when only the first stage is energized. Similar tendencies with efficiency dropping due to heavy loading of soot particles were reported in [7] .
Another important factor that should be considered in the design of electrostatic precipitation systems for practical applications is the potential for secondary contamination of the air with ozone. In the present reactor, ozone production is minimized by the use of positive HV impulses in the charging stage, and by stressing the precipitation stage with a voltage below the corona ignition threshold. This results in an ozone concentration of 0.17 ppm at the outlet of the precipitation system, as measured by an Ecosensor A-21ZX ozone detector. The use of a manganese dioxide filter reduces the ozone concentration in the outlet air flow down to the background level, 0.01-0.02 ppm.
IV. ANALYSIS OF THE PARTICLE MOTION INSIDE
THE μ-ESP REACTOR There are several factors that define the efficiency of electrostatic precipitation, and one of the most important is the terminal migration velocity of the particles in the precipitation reactor. To obtain the dynamic characteristics of particles, the equation of motion inside the vertically located cylindrical corona reactor must be solved. The forces exerted on a test particle on the radial, r -direction are given in (1), where F drag is the drag force that acts opposite of the direction of motion of the particle, F e is the Coulomb force that acts on the particle due to its charge, and F Tot is the sum of the forces exerted upon the particle. The weight can be disregarded in the case of vertical deployment of the precipitator as the migration velocity component will be radial
In the above equation, Q is the total conduction charge acquired by the particle, η is the viscosity of air, C c is the Cunningham correction factor, [18] , and d is the particle diameter. To calculate the electric field, various parameters must be obtained, see [6] . One required parameter is the ionization radius around the wire, which is the boundary of the ionization, and the ion transport zones of the corona discharge.
The critical ionization field in atmospheric air, E crit , tends to its saturation value of (26-31) · 10 5 V/m; it is suggested that this field corresponds to equal ionization and attachment coefficients in air. To identify the radius of the ionization zone, Kapzov's hypothesis can be used. According to this hypothesis, the electric field at the corona electrode remains constant for voltages above the corona ignition voltage. The expression for corona current has been derived using the assumption that the mobility of the charge carriers, μ, is constant; therefore, μ can be obtained by fitting an analytical voltage-current (V -I ) curve, to the experimental V -I data found in [6] . Thus, the equation of motion of the particle is
where C 0−3 are constants. C 0 ·ṙ , C 1 , and C 2 /r 2 have dimensions of force, constants C 0 , C 1 , and C 2 contain information on particle permittivities, conductivities, size, viscosity of fluids, and other parameters; and C 3 is the Maxwell-Wagner relaxation time. The full analytical expressions of these constants can be found in [6] . This equation has been solved numerically using MATLAB software (ode45 solver). The particle migration velocity during HV impulse as a function of time for 250-nm particles with a relative permittivity of ε p = 2.4 and conductivities in the range of μS (which are characteristics for beeswax particle [19] , [20] ) are shown in Fig. 7 . Fig. 7 shows that the particles achieve their maximum migration velocities during ≤100 μs of the applied impulse, which was the current pulse duration used for charging of particles in the first precipitation stage. This duration of HV impulse ensures that particles acquire maximum velocity, which is important factor for precipitation efficiency. Preliminary analysis of the radial dependence of the particle migration velocity has also been conducted. To calculate the terminal velocity of particles, it was assumed that the first stage was energized with sufficiently long impulses, which allow a particle to reach the collection electrode while the field was still acting on this particle. It has been shown that the terminal velocity for a particle located 0.5 mm away from the HV electrode is only ∼22% greater compared with the terminal velocity acquired by a particle located 0.5 mm away from the collection electrode. It has also been shown that once the particles have left the high field region close to the inner conductor that there is a little variation in their terminal velocity. This data will help to optimize the design of precipitators by maximizing the probability that particles will impact the collection electrode before they have traveled the full length of the precipitator.
The precipitation efficiency can be obtained by the Matts-Öhnfeldt empirical equation [17] where η is the collection efficiency, A is the collection area, u d is the effective migration velocity, Q is the gas flow rate, and κ is a constant from 0.4 to 0.6 [21] . Using the calculated terminal velocities for long impulses, the precipitation efficiency obtained by (3) is ∼100% for particles with practically all dimensions considered in this paper. However, precipitation efficiencies, η p , obtained in the tests in which 100-μs energization pulses were used, are below 100% for some particle sizes, as discussed in Section III. The calculated terminal velocities obtained by (3) using the experimental values of η p are given in Table I .
This analysis shows that potentially the precipitation efficiency can be improved by increasing the terminal velocity of particles in the precipitator. This could be achieved by using an increased repetition rate. Several other factors should also be considered in the analysis of the precipitation efficiency using the empirical equation (3): according to [21] , (3) gives lower efficiencies compared with the experimental data; heavy particle loading also can significantly reduce the precipitation efficiency [22] .
V. CONCLUSION
The precipitation efficiency for dc, impulsive, and combined dc and impulsive energization in a two-stage cylindrical precipitator has been investigated. It was shown that the efficiency of the removal of particles from ambient air can reach ∼100%, while precipitation efficiency in the tests with beeswax candle fumes was ∼99%-100% depending on the particle size range. These results are in line with the data previously obtained for cigarette smoke in a smaller scale, double-stage μ-ESP reactor [6] . To minimize the energy consumption, the second stage of the precipitator was energized with dc voltages below the corona ignition level, which resulted in ∼60% power reduction (down to ∼1 W) as compared with the reactor described in [6] at the same precipitation efficiency. The analytical analysis of particle velocities conducted in this paper demonstrated that particles achieve their maximum velocities during ∼100 μs. This analysis allowed selection of the optimal energization HV pulsewidth to be made. It was also shown that the migration velocity increases with an increase in dielectric permittivity of air-borne particles. The obtained results prove that the combination of impulsive and dc energization in the two-stage precipitation systems with addition of a fine mesh filter can effectively remove different types of air-borne fine particles from air flow. Systems with higher flow rate than those used in this paper may find practical application for indoor air-cleaning processes. Potentially, this technology could help in combating the PM constituent of air pollution in indoor spaces, and thus passively improve people's health.
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